We have successfully fabricated Cu-AlOx-Al-NbN normal metal-insulator-superconductor (NIS) tunnel junction devices, using pulsed laser deposition (PLD) for NbN film growth, and electronbeam lithography and shadow evaporation for the final device fabrication. The subgap conductance of these devices exhibit a strong temperature dependence, rendering them suitable for thermometry from ∼ 0.1 K all the way up to the superconducting transition temperature of the NbN layer, which was here ∼ 11 K, but could be extended up to ∼ 16 K in our PLD chamber. Our data fits well to the single particle NIS tunnel junction theory, with an observed proximised superconducting gap value ∼ 1 meV for a 40 nm thick Al overlayer. Although this high value of the superconducting energy gap is promising for potential electronic NIS cooling applications as well, the high value of the tunneling resistance inhibits electronic cooling in the present devices. Such opaque barriers are, however, ideal for thermometry purposes as self-induced thermal effects are thus minimized.
Tunnel junction based superconducting devices have the potential to revolutionize low temperature thermometry techniques 1 , with normal metal-insulatorsuperconductor (NIS) junctions most widely used so far. The operational temperature range of NIS devices is set by the transition temperature (T C ) of the superconductor. So far, aluminum (Al) based superconducting devices have been successfully implemented for accurate thermometry and bolometry in the sub 1 K range [2] [3] [4] [5] [6] [7] . A natural continuation of this line of research is the extension of thermometry to higher temperatures, simply by using higher T C materials as the superconducting electrode.
Traditionally, niobium (Nb) has dominated the choice of an intermediate T C (up to 9 K) superconductor and we have recently addressed the feasibility of Nb based NIS devices as thermometers and electronic coolers 8 . Another potentially interesting material is niobium nitride (NbN), as the T C of NbN thin films are typically as high as 15-16 K 9-12 , and in extreme cases even above 17 K 13,14 , predicting a doubling of the thermometry range compared to Nb. However, unlike for Nb based NIS devices where Nb can be deposited in-situ using electron-beam evaporation in an ultra high vacuum (UHV) environment 8 , the growth of NbN is not as straightforward. The T C of NbN is an extremely sensitive function of the niobiumto-nitrogen stoichiometric ratio, and superconductivity is easily suppressed or even destroyed for slight offstoichiometry [10] [11] [12] . High-quality NbN based Josephson junctions have also been fabricated using several barrier materials, such as AlN 15, 16 and MgO [17] [18] [19] [20] . In most cases, the superconducting electrodes and the insulating layers have been fabricated in-situ using sputter deposition techniques. In this paper, we report the successful fabrication of micronscale Cu-AlO x -Al-NbN NIS tunnel junctions using a simple and straightforward process that employs pulsed laser deposition (PLD) of NbN films, electron beam lithography, reactive ion etching and shadow angle evaporation, and ex-situ fabrication of thermally oxidized Al barriers.
The temperature dependence of the current-voltage characteristics of the devices follow the simple one-particle NIS tunneling model, thus demonstrating the application of the devices in sensitive thermometry and a future potential for electronic cooling 1, 21 . The devices were fabricated in the following steps, outlined in figure 1(a)-(e): First, a thin film (∼ 30 nm) of superconducting NbN was deposited on lattice matched single crystals of [100] oriented MgO using pulsed laser deposition technique, as described elsewhere 12 (silicon substrates could also be used, if one is willing to tolerate a degradation of T C ). The measured T C of the film used here was ∼ 10.8 K [figure 1(i)], although T C s up to ∼ 16 K have been achieved with our setup in optimal conditions. The fabricated NbN film was then patterned to make the superconducting contact pads and electrodes using electron beam lithography (EBL) and reactive ion etching (RIE) [ Fig. 1(b) ]. A positive PMMA resist of thickness 400 nm served as the RIE etch mask, while a mixture of CHF 3 (50 sccm) and O 2 (5 sccm) was used in the RIE at a power 100 W and pressure 55 mTorr. In an second overlay EBL step, the rest of the device was patterned using a bilayer resist (described in detail in Refs. 8, 12 ) to achieve a large undercut stencil mask structure suitable for angle evaporation and lift-off [ Fig. 1(c) ] in an ultra-high vacuum chamber. First, an evaporation of 40 nm thick Al was performed from an angle of 20 degrees with respect to the plane of the substrate, forming two rectangular areas on top of the NbN electrodes [ Fig. 1(c) ], after which the Al areas were oxidized insitu at room temperature in 50 mbar of pure O 2 for four minutes, to grow the AlO x tunnel barriers. Finally, a 80 nm thick Cu layer was evaporated from the normal angle [ Fig devices. However, the downside with this choice is that the tunneling current is mostly sensitive to the density of states (DOS) in the proximized Al layer, which has a reduced gap compared to the bulk of the NbN electrode. Ideally, the Al overlayer should thus be as thin as possible, but fully covering the NbN surface and the edges. To study the wetting performance of evaporated Al on NbN, we deposited various thicknesses of Al films on top of NbN, shown in figure 2. It is seen that 5 nm thick Al exhibits island-type growth, the 10 nm thickness still has pores, but for 15 nm the coverage is mostly uniform. For this reason, we tried to make devices with Al thickness 20 nm, but the resulting current-voltage characteristics were leaky and not ideal. One reason for that could have been poor step coverage, as the underlying NbN wire thickness was chosen to be 30 nm in order to minimize the thickness dependent suppression of T C for ultrathin NbN films 22 . The more ideally behaving devices described below were thus fabricated using 40 nm of Al to ensure step coverage.
The current-voltage and conductance-voltage measurements were carried out using a He 3 -He 4 dilution refrigerator with a base temperature of ∼ 60 mK. The measurement lines had two stages of RC filters, one at 4 K and the other at base temperature, and microwave filtering between the RC filters was achieved with the help of Thermocoax cables 23 of length 1.5 m. In figure 3 we show the applied bias voltage (V ) dependence of the differential conductance (dI/dV ) at several bath temperatures (T Bath ) for two devices D 1 and D 2 fabricated from the same NbN film, measured using a lock-in amplifier 24 . The value of the total tunneling resistance R T,tot was ∼ 630 and 770 kΩ for device D 1 and D 2 , respectively, which translates to a high average single junction specific resistance of ∼ 0.63-0.77 MΩ µm 2 , in agreement with previous studies of AlOx barriers on NbN 25 . This can be compared with the observed values 5,8 ∼ 10kΩ µm 2 and ∼ 1 − 2kΩ µm 2 for Nb/Al/AlOx/Cu and Al/AlOx/Cu junctions, respectively, fabricated in the same chamber and with fairly similar oxidation parameters as in this work. Nevertheless, the simplest single particle NIS tunneling model 1,8 fits the data, and especially the temperature dependence in the subgap region fits nearly perfectly (Fig. 3) . The value of the energy gap ∆ obtained from the fits evolves from ∼1.1 mV at 0.07 K to 0.85 mV at 1.2 K [Fig. 3 b) ].
The fact that the simple NIS model fits our data well with ∆ ∼ 1 mV about five times higher than the Al bulk gap ∆ ∼ 0.2 mV indicates that the Al layer is well proximised by the NbN. Such proximity induced enhancement of the gap value of Al has been observed in Nb-Al-AlO xAl-Nb junctions before 26, 27 and a microscopic theoretical model has been developed 26 . According to this model, the temperature dependence of the gap seen in tunneling experiments is no longer given by the usual BCS result, but depends on the material parameters, the thickness of the Al layer and the boundary transparency between the two superconductors. It is clearly seen that in our case the temperature dependence of the gap is not the usual BCS type, but follows roughly the proximity effect trends shown in Refs. 26, 27 . Perhaps the most important conclusion from the theory is that although the tunneling gap is suppressed compared to the bulk NbN gap value, it does not close until at the NbN T C , permitting thus thermometry all the way up to that temperature. Thus by optimizing the NbN film stochiometry, it will possible to use NIS thermometry up to ∼ 16 − 17 K with the device concept presented here. In addition, the large observed tunneling resistance also helps in thermometry, as the Joule heating due biasing is very small, thus keeping the thermometer more easily in equilibrium with the substrate.
In figure 4 the current-voltage (I-V ) characteristics at various T Bath are shown for device D 1 in (a) linear and (b) log scale, respectively, together with the corresponding theoretical fits based on the single-particle
, where f N (ǫ) is the Fermi function in the Cu wire, and N S (ǫ) is the normalized broadened superconducting quasiparticle DOS in the Dynes model
, and a constant electron temperature T e = T Bath was used. We see that for a constant current bias the voltage drop across the device changes with T Bath as expected from the simple theory, 8 , but still orders of magnitude larger than for Al/AlOx/Cu NIS junctions 6, 29 , and in agreement with data from large area NbN junctions 30 . We should point out that these and other observed values of the DOS broadening should not necessarily be taken as materials parameters, as the external fluctuations from the electromagnetic environment can influence the broadening strongly 29, 31 . For strong coupling superconductors such as NbN, however, one would expect theoretically 32, 33 that the gap ∆ is a complex number such that without environmental effects
. Good fits to subgap current in Nb SIS junctions have recently been obtained with such a model 34 . We also tried alternative strong-coupling theory fits to the data, shown as dotted lines in figure 4 (b), but with far worse agreement with the data in the deep subgap as compared to the Dynes model fits.
Successful NbN tunnel junctions have also been made by oxidizing the NbN surface directly, in room atmosphere at room temperature 35 or in oxygen atmosphere at 200 deg C 30 . We also tried a variation of direct oxidation, by sputter cleaning the NbN surface in-situ, then oxidising the NbN at 350 mbar of oxygen pressure at room temperature for 45 minutes before depositing the cop- per. Although barrier formation was successful, the process was not very reproducible, and the obtained subgap conductance characteristics (Fig. 5 ) were more broadened than with the Al overlayer method, rendering the direct oxidation process less useful. However, the specific resistances of the directly oxidized junctions were clearly smaller ( ∼ 40 kΩ µm 2 ) than the ones with AlO x barriers. Further studies with oxidation at elevated temperatures should therefore be tried.
In addition to applications in thermometry, high quality NIS junctions can also be used as electronic microrefrigerators 1, 21 . Good performance has only been obtained with Al as the superconductor 21, 36 , but the low value of the superconducting gap in Al limits the useful cooling regime to 0.3 K and below. We have also recently tried Nb as well 8 with some limited success, but theoretically NbN junctions could offer better performance at even higher temperatures. The junctions fabricated here, however, had much too high specific resistance for cooler applications (cooling power is inversely proportional to R T ). Nevertheless, the observed subgap current level,Γ/∆ = 2-3×10 −2 , does not prevent cooling altogether, but only limits the operational temperature range. A smaller Γ would lead to improved cooling regime and power.
In conclusion, we have successfully fabricated micronscale Cu-AlO x -Al-NbN NIS tunnel junction devices using pulsed laser deposited NbN films and e-beam lithography. The temperature dependent tunneling characteristics were ideal enough for wide temperature range sensitive low-temperature thermometry from 0.1 K up to the critical temperature of NbN, which for PLD films can be as high as 16-17 K. The combined high responsivity and modest operational temperature requirements may offer advantages in some sensitive bolometry applications, as well.
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